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Abstract Stellar evolution models predict that the so-
lar luminosity was lower in the past, typically 20-25
% lower during the Archean (3.8-2.5 Ga). Despite the
fainter Sun, there is strong evidence for the presence of
liquid water on Earth’s surface at that time. This “faint
young Sun problem” is a fundamental question in pale-
oclimatology, with important implications for the hab-
itability of the early Earth, early Mars and exoplanets.
Many solutions have been proposed based on the effects
of greenhouse gases, atmospheric pressure, clouds, land
distribution and Earth’s rotation rate. Here we review
the faint young Sun problem for Earth, highlighting
the latest geological and geochemical constraints on the
early Earth’s atmosphere, and recent results from 3D
global climate models and carbon cycle models. Based
on these works, we argue that the faint young Sun
problem for Earth has essentially been solved. Unfrozen
Archean oceans were likely maintained by higher con-
centrations of CO2, consistent with the latest geological
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proxies, potentially helped by additional warming pro-
cesses. This reinforces the expected key role of the car-
bon cycle for maintaining the habitability of terrestrial
planets. Additional constraints on the Archean atmo-
sphere and 3D fully coupled atmosphere-ocean models
are required to validate this conclusion.
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1 Introduction
Let’s imagine time-travelers exploring the early Earth
3-4 billions years ago. Leaving their time capsule, they
would need oxygen masks to survive in the anoxic Archean
atmosphere, containing deathly high levels of carbon
dioxide and possibly also methane, carbon monoxide,
ammonia and hydrocyanic acid. Moreover, with no ap-
propriate protection, they would quickly suffer from
sunburn, due to the higher UV flux of the early Sun
and the absence of an ozone layer. Passed these compli-
cations, they would then discover a world very different
from our present-day Earth. The sky would look hazier,
potentially with an orange colour. The days would be
shorter and a larger moon would shine in the night-
sky. The Sun would appear significantly fainter than to-
day. However, perhaps surprisingly, most of the surface
would be covered by temperate or warm liquid water
oceans. These oceans would be more acidic and full of
unicellular organisms forming a productive biosphere.
Our time-travelers may wonder how can the climatic
conditions be clement under such a fainter Sun. They-
would experience the faint young Sun problem, one of
the most fundamental questions in paleoclimatology.
The faint young Sun problem for Earth has been re-
viewed in detail by Feulner [2012]. At that time, most
of the atmospheric modelling work was based on 1D
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radiative convective models (RCMs). While 1D RCMs
remain attractive research tools due to their flexibil-
ity and computational efficiency, 1D models miss im-
portant climate feedbacks. For instance, RCMs used
in early Earth and habitability studies typically omit
explicit representations of clouds and surface ice and
snow. Instead, the surface albedo is assigned a constant
high value, to implicitly represent cloud reflectivity. By
treating the radiative effect of clouds in this manner,
such models fail to include the longwave radiative effect
of clouds and can overestimate the greenhouse effect of
background gases [Pierrehumbert , 1995; Goldblatt and
Zahnle, 2011a]. They also miss cloud feedbacks related
to changes in the cloud distribution.
Three-dimensional atmospheric general circulation
models (GCMs) coupled to simple ocean/sea-ice mod-
els represent a significant improvement in the simu-
lation of the climate system compared to 1D RCMs.
GCMs allow for a self-consistent and coupled treat-
ment of numerous dynamical and physical processes
occurring in planetary atmospheres. Of particular im-
portance for Earth’s climate system, is the treatment
of water in its various thermodynamic phases. In par-
ticular, water is responsible for the sea-ice albedo, wa-
ter vapor greenhouse and cloud feedbacks, which can
all strongly impact the climate sensitivity. Shortly af-
ter the review from Feulner [2012], several papers using
3D atmospheric GCMs coupled to simple ocean/sea-ice
models were published, providing a fresh new perspec-
tive and some answers about former proposed solutions
to the faint young Sun problem [Charnay et al., 2013;
Wolf and Toon, 2013, 2014; Le Hir et al., 2014; Kunze
et al., 2014; Teitler et al., 2014; Charnay et al., 2017;
Wolf et al., 2018]. According to these modelling stud-
ies, the faint young Sun problem appears less severe
than initially thought, notably because of cloud feed-
backs leading to optically thinner low clouds on the
early Earth.
In parallel, new geological and geochemical constraints
were obtained during the last decade, changing the gen-
eral view about the evolution of Earth’s atmospheric
nitrogen, as well as constraints on atmospheric CO2
and surface temperatures during the Archean. In par-
ticular, some of these recent studies suggest relatively
high pCO2 values, which mitigate the faint young Sun
problem.
This paper constitutes a general review of the faint
young Sun problem for Earth, highlighting atmospheric
modelling results and some laboratory measurements
obtained during the last decade. In section 2, we de-
scribe the environment of the early Earth, in particu-
lar the evidence for a weaker Sun, for the presence of
surface liquid water, and for the fraction of emerged
land. We also detail constraints on the ocean tempera-
ture and atmospheric composition/pressure. Section 3
lists different proposed solutions to the faint young Sun
problem, including the effects of greenhouse gases, at-
mospheric pressure, clouds and the fraction of emerged
land. For each solution, we highlight recent results from
climate modelling and paleosol studies. Section 4 re-
views the lessons from 3D global climate models and the
differences compared to 1D atmospheric models. Sec-
tion 5 discusses the role of the carbon-cycle and life to
regulate the early Earth’s climate. Finally, we conclude
in section 6 with a summary and possible directions for
future research.
2 The environment of the early Earth
2.1 Evidence for a weaker Sun
It has been well established in models of solar evolution
that solar luminosity has slowly increased over the life-
time of the Sun. 3.8 billions years ago the early solar
flux is calculated to have been 25% lower than today
and it has slowly intensified since (see e.g. Newman and
Rood [1977]; Gough [1981]). This is because the fusion
of hydrogen into helium increases the mean molecular
weight of the core. To maintain the balance between the
pressure gradient force and gravity, the core contracts
and warms. The increased densities and temperatures
enhance the rate of fusion and hence, the star’s lumi-
nosity increases with time. This model is very robust.
Furthermore, it is based on a model of the Sun which
agrees very well with solar neutrinos measurements and
helioseismology observations.
Can this model be questioned? Is it possible to imag-
ine a young Sun brighter than expected that could re-
solve the faint young Sun problem and possibly explain
the very warm temperature that have been reported by
some studies? More than for the Earth, such a possi-
bility has been discussed to resolve the enigma of early
Mars covered by rivers and lakes 3.5 - 4 billions years
ago [Whitmire et al., 1995; Forget et al., 2013; Haberle
et al., 2017].
The only way to explain a brighter early Sun while
remaining consistent with the robust theory mentioned
above is to assume that it was more massive initially
and that it subsequently lost the excess mass in a solar
wind much more intense than today [Whitmire et al.,
1995]. Solar luminosity is proportional to the fourth
power of solar mass M, and since a planet’s orbital
distance r is inversely proportional to M, and the solar
flux varies as r−2, the flux at a planet scales as F ∼M6
[Whitmire et al., 1995]. Therefore a few percent of the
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mass would be sufficient. An initial mass of ∼ 6% higher
than today makes the Sun as bright as today 4.5 Ga.
For years, this assumption has been regarded with
skepticism by the community, because of the lack of ev-
idence and the success of the ”Standard Solar Model”
of the Sun. However, a decade ago some inconsisten-
cies between the standard solar model predictions and
measurements of the solar CNO abundances were re-
vealed Asplund et al. [2009]; Caffau et al. [2008, 2010].
Interestingly a younger more massive Sun was then sug-
gested to explain these inconsistencies [Guzik and Mus-
sack , 2010; Turck-Chie`ze et al., 2011]. Overall assuming
an early massive Sun has consequences on the modelled
solar evolution and leaves traces on the numerous ob-
servational constraints that are available for the Sun it-
self (seismic properties, neutrino fluxes, composition).
Yet the most recent studies on the subject conclude
that these datasets cannot rule out the early massive
Sun hypothesis (See Wood et al. [2018]; Buldgen et al.
[2019], and references therein).
The intensity and the evolution of the early solar
wind remain open questions. Unfortunately, the basic
mechanisms responsible for producing winds from solar-
like main sequence stars are still not understood well
enough to provide quantitative information. Ideally, much
could be learned by observing stellar winds around other
stars at various ages. However stellar winds from solar-
mass stars are very difficult to observe directly owing
to their low optical depth. Some studies have been per-
formed by looking for the Lyα signature of the charge
exchange that occurs when the ionized stellar wind col-
lides with the neutral interstellar medium [Zank , 1999;
Wood et al., 2002, 2005]. Analysing these observations
for stars of various ages suggest that stellar winds may
decrease exponentially with time and that most of the
extra mass was lost in less than a few hundreds of
million years [Wood et al., 2005; Minton and Malho-
tra, 2007]. Observations of the radio emission of young
solar-type stars suggest a total solar mass loss lower
than 2% after 100 Myr [Fichtinger et al., 2017]. Finally,
observations of stellar spin down rate have been used to
argue in favour of a large and sustained mass loss and a
more massive young Sun [Martens, 2017], but they also
suggest an exponential decrease of the mass loss [Gallet
and Bouvier , 2013].
Therefore the key difficulty in solving the faint young
Sun problem with a more massive sun is to keep the Sun
sufficiently massive and bright for one or two billion of
years, throughout the Archean. Observations of young
solar analogs tend to rule out this possibility, although
more data are required to be certain [Wood et al., 2018].
In the future, it may be possible to constrain the Sun’s
ancient mass and its evolution by looking for remaining
signatures of the early solar wind and the effects of a
solar mass-loss history on the orbital dynamics in the
planetary system, including possible signatures in the
geological and climate record [Minton and Malhotra,
2007; Spalding et al., 2018].
2.2 Evidence for liquid water
The oceans might have formed rapidly in a gigantic
deluge, a few Myr after the cataclysm that led to the
Earth-Moon system, 4.5 Gyr ago [Sleep et al., 2001].
Some models predict that oceans could have formed
even earlier and could have partly survived the Moon
forming event [Genda and Abe, 2005]. The first evidence
for the presence of liquid water on Earth derives from
the analysis of fragments of Archean zircons. Zircons
are U-rich magmatic minerals that are resilient enough
to have survived several mountain building cycles. Some
of them contain fragments having U-Pb ages up to 4.2-
4.4 Ga [Wilde et al., 2001; Mojzsis et al., 2001]. These
old zircons present oxygen isotopic compositions that
cannot be explained by a dry magmatic genesis and re-
quire contribution of material having been hydrother-
mally altered at low temperature. Direct geologic ev-
idence of oceans stems from the occurrence of pillow
basalts and layered banded iron formations in 3.8 Ga
units, demonstrating underwater magmatism and sed-
imentation at, or prior to, that time. Well preserved
formations with low metamorphic grades abound 3.5
Ga ago in NW Australia and South Africa. Hydrother-
mal quartz at that ages contain fluid inclusions which
contain mixtures of hydrothermal end-member(s) and
Archean seawater [Foriel et al., 2004]. Coupled Cl-K-
Ar study suggests a salinity comparable to the modern
one and, possibly temperatures in the range 20-40◦C
(see below) [Marty et al., 2018]. Both thermal modelling
and field evidence are consistent with the occurrence of
liquid water on Earth within a few tens of Ma after the
formation of the solar system, with direct evidence for
oceans at 3.8-3.5 Ga.
2.3 Constraints on the fraction of land
The fraction of emerged land affects the surface albedo
and thus the planetary energy budget. The emergence
of land required the development of continents able
to float over the denser mantle. Hence the continen-
tal lithosphere needed to be strong enough to support
crustal thickening and high reliefs [Rey and Coltice,
2008]. The period of time when this happened is dif-
ficult to estimate and models are generally based on
the distribution of old continental crust terrains, as well
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as on the petrology and geochemistry of these geologi-
cal units [Allegre and Rousseau, 1984; Belousova et al.,
2010; Dhuime et al., 2012; Pujol et al., 2013]. These
models propose major pulses of crustal generation in
the period 4 Ga - 3 Ga that resulted in 60-80% present-
day volume at 3 Ga (see Figs. 5 & 6 in Hawkesworth
et al. [2019]). After 3 Ga, the net growth rate dimin-
ished because crustal destruction became effective and
competed efficiently with crustal generation. This pe-
riod of time may mark the onset of modern-style plate
tectonics. A lower continental crust volume combined
with potentially a larger ocean volume [Pope et al.,
2012] logically implies less emerged land during the
Archean than today. Flament et al. [2008] estimated
that the fraction of emerged land was lower than 12%
and probably around 2-3% (compared to 27% today).
2.4 Geological constraints on the temperature
A long debate is still ongoing about the temperature of
the early oceans. Archean oceanic cherts (SiO2) appear
depleted in 18O relative to 16O [Knauth and Lowe, 2003;
Robert and Chaussidon, 2006; Tartese et al., 2016]. A
possible explanation of this trend is related to the tem-
perature of Archean oceans. Indeed, cherts concentrate
less 18O relative to seawater during their formation
as oceanic temperature increases. The low δ18O have
thus been interpreted to suggest hot oceans with tem-
peratures between 60◦C (333 K) and 80◦C (353 K)
[Knauth and Lowe, 2003; Robert and Chaussidon, 2006;
Tartese et al., 2016]. Notably, silicon isotopes coupled
with oxygen isotopes also attest for oceanic tempera-
tures warmer than today [Robert and Chaussidon, 2006].
The temperature range inferred from Archean cherts is
compatible with the thermophiles inferred from evolu-
tionary models of the ancient life [Gaucher et al., 2008],
with constraints on the salinity of Archean oceans [Marty
et al., 2018] and possibly with the indications for a low
ocean water viscosity [Fralick and Carter , 2011]. If the
interpretation of low δ18O in Archean cherts is correct,
such high oceanic temperatures would make the faint
young Sun problem for Earth much more difficult to
overcome (see section 4.2 and 5).
However, the interpretation of δ18O isotope ratio as
indicator of warm Archean oceans has been strongly
debated. Some analyses suggest temperate oceans with
temperatures lower than 40◦C [Hren et al., 2009; Blake
et al., 2010]. In addition, most of Archean cherts did
not directly precipitate from seawater or may not be
sufficiently well preserved to be used to reconstruct past
oceanic temperature [Marin-Carbonne et al., 2012, 2014;
Cammack et al., 2018]. Other possible explanations have
been proposed as hydrothermal alteration of the seafloor
[van den Boorn et al., 2007] or as a gradual changes
in the oxygen isotope composition of seawater [Kasting
and Howard , 2006; Jaffre´s et al., 2007]. That latter crit-
icism has been ruled out by Tartese et al. [2016], who
investigated O isotopes not in cherts but in kerogen
and demonstrated that the ocean δ18O composition re-
mained almost constant. The triple oxygen isotope mass
balance model from Sengupta and Pack [2018] suggests
that Archean cherts precipitated in cool oceans with
modern-like δ18O followed by diagenetic alteration.
In addition, warm/hot Archean oceans are difficult
to reconcile with the glacial evidence. The glacial Archean
record includes the Huronian glaciations at 2.4 Ga and
glacial rocks at 3.5, 2.9 Ga and 2.7 Ga [Kasting and
Howard , 2006; Ojakangas et al., 2014; de Wit and Furnes,
2016]. The Huronian glaciations were likely Snowball
Earth events, where the entire planet was encases in
ice, while the others were likely only partial glaciations.
They imply global mean temperatures below 20◦C [de
Wit and Furnes, 2016], at least episodically. The tran-
sitions from warm climates with mean surface temper-
ature around 60◦C to cold climates or Snowball-Earth
events would imply major changes in the atmospheric
composition and in the carbon cycle, implying unknown
mechanisms. Such swings in the carbon cycle seem un-
likely, although the glacial events may represent only a
small fraction of the Archean period.
Finally, evolutionary models suggest thermophilic
ancient life but also a mesophilic last universal com-
mon ancestor (LUCA) [Bousseau et al., 2008]. These
molecular thermometers do not give information about
the global mean surface temperature. Thermophily near
the roots of the tree of life may reflect local warm en-
vironments (like hydrothermal vents) or survival after
hot climates produced by large impacts [Bousseau et al.,
2008; Abramov and Mojzsis, 2009].
We conclude that the debate about the temperature
of the early oceans is not over, although the arguments
for cold or temperate climates seem stronger now. We
discuss later the implications of both cases in the con-
text of the faint young Sun problem.
2.5 Geological constraints on the atmospheric
composition and pressure
The atmospheric composition and pressure in the dis-
tant past are primarily estimated from models of the
origin(s) of atmospheric volatiles and from models of at-
mospheric evolution upon interactions with outer space
and exchanges with the solid Earth (see the review
by Catling and Zahnle [2020] and references therein).
Noble gas isotope systematics indicate that the atmo-
sphere is an ancient reservoir that was formed a few
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tens of Ma after start of solar system formation 4.56
Ga ago, by degassing of material that accreted to form
our planet. The geological record of ancient sediments
and their weathering profile is consistent with relatively
low partial pressures of CO2 (pCO2 < 30 mbar) for
the late Archean [Sheldon, 2006; Driese et al., 2011]. A
recent technique involving the modelling of the aque-
ous chemistry in paleosols gives higher estimations for
pCO2 during the Archean (pCO2=24–140 mbar at 2.77
Ga, 22–700 mbar at 2.75 Ga and 45–140 mbar at 2.46
Ga) and a gradual decrease with time [Kanzaki and
Murakami , 2015]. Rosing et al. [2010] derived a very
low upper limit of ∼ 0.9 mbar from the coexistence
of siderite and magnetite in Archean banded iron for-
mation. That limit based on thermodynamic arguments
has yet been questioned [Reinhard and Planavsky , 2011].
Finally, Lehmer et al. [2020] interpreted the oxidation
state of micrometeorites at 2.7 Ga as a possible evidence
for a CO2 atmospheric mixing ratio > 70%. These geo-
logical constraints on pCO2 are generally still debated,
do not cover all times of the Archean, and are often in-
compatible. Therefore, we do not think that they should
be considered as strict limits. The geological record also
suggests the onset of an oxygenated atmosphere around
2.4 Ga, called the Great Oxidation Event [Lyons et al.,
2014]. Removing CO2 and O2 from the atmospheric
composition leaves N2, water vapour, noble gases and
several C species as the main atmospheric constituents.
Geological measurements of the atmospheric pres-
sure and compositions in the distant past were thought
to be impossible due to the mobility of volatile elements
in rocks and minerals undergoing metamorphism. Sur-
prisingly, this assumption was not correct and new types
and samples and new approaches permit measurable
constraints to be determined. Marty et al. [2013] an-
alyzed volatiles trapped in fluid inclusions in 3.5 Ga
hydrothermal quartz from the Pilbara, NW Australia.
36Ar is a primordial isotope that has been conserved
in the atmosphere, as indicated by constant 38Ar/36Ar
ratio. 40Ar is a radiogenic isotope produced by the de-
cay of crustal and mantle 40K. The triple bond of N2
makes this molecule very stable and N2 is sometimes
referred as “the sixth noble gas”. In a 40Ar/36Ar versus
N2/
36Ar frame, these authors found that data from vac-
uum crushing experiments define a straight line repre-
senting mixing between a low 40Ar/36Ar, N2/
36Ar end-
member representing paleo-atmospheric noble gases dis-
solved in seawater and an hydrothermal component rich
in crustal 40Ar and N. The extrapolated seawater N2/
36Ar
ratio was comparable to, or lower than, the modern
value, leading Marty et al. [2013] to propose that the
pN2 was ≤ 1.1 bar and possibly as low as 0.5 bar. The
authors also found that the N isotopic composition of
Archean air was similar to the modern composition,
thus discarding the possibility of isotopically fraction-
ating atmospheric escape of nitrogen since 3 Ga. Avice
et al. [2018] developed a similar study for several sam-
ples from another area (Berberton, South Africa) and
proposed that the Archean pN2 was ≤ 0.5 bar. Indepen-
dently, Som et al. [2012] attempted to set constraints on
the barometric pressure in the distant past from fossil
imprints of raindrops. The rationale is that the max-
imum size of raindrops is a function of the Patm as
raindrop will fragment over a threshold size due to air
drag. These authors measured 2.7 Ga imprints of rain-
drops and conducted in parallel analogic experiments to
conclude that the Archean atmospheric pressure could
not have been higher than 2.3 bar and was probably
below 1.3 bar. This upper limit has been criticised by
Kavanagh and Goldblatt [2015], because the analysis of
fossil imprints can be biased by very rare large rain-
drops. Goosmann et al. [2018] argued that such a bias
is statistically unlikely given that 18 distinct bedding
surfaces were analysed by Som et al. [2012].
In a further study, Som et al. [2016] proposed an
absolute barometric pressure of 0.23 ± 0.23 bar using
the size distribution of gas bubbles in 2.5 Ga basaltic
lava flows that solidified at sea level. The maximum
size that bubbles can reach in a lava flow is a func-
tion of the external pressure on the surface of the flow,
here the barometric pressure. They compared the bub-
ble sizes for two different layers in the flow, at a given
depth (which pressure can be evaluated from the weight
of the lava column above) and at the flow’s surface,
determined from morphological arguments. Som et al.
[2016] suggested 0.5 bar as an upper limit for Patm.
Together, these studies suggest a surprisingly low baro-
metric pressure for the Archean atmosphere, with lit-
tle room for pCO2, which given errors could not have
been above 0.5 bar, and possibly in the range 0-0.2 bar.
However, little is known about this long period of time
for which sample ages cover about 0.8 Ga, and more
detailed studies are necessary to better document the
fate of atmospheric gases in the neo-Archean before the
Great Oxidation Event.
3 Proposed solutions to the faint young Sun
problem
With the solar constant∼25% weaker at 3.8 Ga [Gough,
1981], the global mean insolation absorbed by the Earth
had a deficit of ∼60 W/m2 (∼44 W/m2 at 2.5 Ga) com-
pared to the current value of 240 W/m−2 [Wild et al.,
2013]. The Earth with the present atmospheric compo-
sition and continents would have undergone a cooling
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of ∼60 K (assuming the current climate sensitivity pa-
rameter of ∼1 K/Wm−2 [Flato et al., 2013]), falling into
a full glaciation. However, a glaciated early Earth is in
contradiction with the evidence for liquid water and the
temperate/warm climates discussed in the previous sec-
tion. Moreover, once the Earth is fully ice-covered with
a high surface albedo, increasing the solar constant to
its present value would not be enough to exit from the
snowball state [Sellers, 1969; Budyko, 1969; Hoffman
et al., 2017]. The faint Young Sun problem becomes a
paradox if we assume that the early Earth’s atmosphere
and continents were the same as today. But there is no
argument for such an assumption. Most of the proposed
solutions to the faint young Sun problem are based on
changes to the atmospheric composition, clouds or land
distribution, leading to a stronger greenhouse effect or
a lower planetary albedo.
3.1 CO2
The first solution to the faint young Sun from Sagan
and Mullen [1972] was based on a strong greenhouse
effect by an ammonia-rich and highly reduced atmo-
sphere. Such an atmosphere is now discarded in favor of
a moderately-oxidized, N2- and CO2-rich atmosphere,
where the latter would be the dominant greenhouse gas
[Catling and Zahnle, 2020]. Solving the faint young Sun
problem with a high concentration of CO2 is attrac-
tive since CO2 is one of the major volatiles released
from magmatic degassing [Gaillard and Scaillet , 2014].
Its concentration is regulated by the carbonate-silicate
cycle [Walker et al., 1981], which acts as a long-term
thermostat on the climate. We discuss the ability of
the carbonate-silicate cycle to moderate CO2 at levels
required to solve the faint young Sun problem in section
5.
Previous 1D models showed that ∼300 mbar of CO2
is required to maintain a global mean surface temper-
ature of 15◦C (288 K) during the early Archean and
∼100 mbar of CO2 at the late Archean [Owen et al.,
1979; Kasting et al., 1984; Kiehl and Dickinson, 1987;
von Paris et al., 2008]. Such CO2 concentrations exceed
the upper limits of ∼30 mbar derived from estimates
of weathering of paleosols at the end of the Archean
[Sheldon, 2006; Driese et al., 2011]. From these geo-
logical constraints and 1D climate modelling results, it
has been suggested that other warming processes are
needed to keep the early Earth warm.
Lessons from recent studies:
3D atmospheric GCMs coupled to simple ocean/sea-ice
models found that lower amounts of CO2 are needed
to maintain global mean surface temperatures of 15◦C
during the Archean (see Fig. 1 and Wolf and Toon
[2013]; Charnay et al. [2013]). According to the model
from Wolf and Toon [2014], 200 mbar of CO2 is re-
quired at 3.8 Ga and 40 mbar at 2.5 Ga (see Fig. 2).
The case of a warm early Earth with a mean surface
temperature of 60-80◦C is achievable with high levels of
CO2 around 0.5-1 bar according to the 3D study from
Charnay et al. [2017], which is significantly less than
previous 1D estimations of ∼3 bars of CO2 at 3.3 Ga
by Kasting and Howard [2006]. These discrepancies are
mostly related to cloud feedbacks (see section 4), lead-
ing to warmer climates with 3D models. The amounts
of CO2 required for temperate climates from 3D mod-
els are above the geological limits from Sheldon [2006]
and Driese et al. [2011]. However, we point out the fact
that revised paleosol pCO2 estimates exist, as discussed
in the previous section. If the recent pCO2 limits from
Kanzaki and Murakami [2015] are correct, temperate
climates would be achievable with just enhanced CO2
(see Fig. 2). The pCO2 required for an early Earth at
60-80◦C would still remain too high, compatible with
only one data point from Kanzaki and Murakami [2015]
and with the constraint from Lehmer et al. [2020].
Fig. 1 Mean surface temperature as a function of CO2 abun-
dance for 0.8S0. The results of the 1D models from Haqq-
Misra et al. [2008] (green) and von Paris et al. [2008] (cyan)
are shown, as well as the 3D models from Wolf and Toon
[2013] (blue), Charnay et al. [2013] (red), as well as a 3D
oceanic model with a simplified atmospheric model from
Kienert et al. [2012] (magenta). The shaded region shows the
CO2 constraint range from Driese et al. [2011]. The vertical
dashed blue and brown lines give the pre-industrial and early
Earth guess (10−2) abundances of CO2. Figure from Byrne
and Goldblatt [2014].
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Fig. 2 The amount of CO2 needed to maintain global mean
surface temperatures of 288 K over the course of the Archean
for several different scenarios. Optimal warming scenarios in-
clude 0.1 mbar of CH4, an 18 hour rotation rate, a dark soil
surface, and reduced cloud droplet number concentrations.
Figure adapted from Wolf and Toon [2014].
3.2 CH4
Methane has been suggested as an important comple-
ment to CO2 to warm the early Earth [Kiehl and Dick-
inson, 1987; Pavlov et al., 2000]. Photochemical mod-
els predict that CH4 had a lifetime typically 1000 times
longer in the anoxic Archean atmosphere than in the
present-day atmosphere [Zahnle, 1986; Kasting and Howard ,
2006]. Abiotic sources of CH4 like serpentinization in
hydrothermal vents could have maintained concentra-
tions up to∼2.5 ppm [Tian et al., 2011; Guzma´n-Marmolejo
et al., 2013]. Biogenic CH4 flux from methanogens could
have maintained much higher concentrations between
0.1 mbar and 35 mbar [Kharecha et al., 2005; Ozaki
et al., 2018; Krissansen-Totton et al., 2018b; Schwi-
eterman et al., 2019; Sauterey et al., 2020]. CH4 would
have been produced by H2-based methanogens or by
fermentors and acetotrophs decomposing the biomass
produced by phototrophs (H2-based phototrophs and
ferrophototrophs). In addition, the fractionation of at-
mospheric Xenon could be explained by hydrodynamic
hydrogen escape during the Hadean/Archean if the H2
mixing ratio was higher than 1% or if the CH4 mix-
ing ratio was higher than 0.5% (i.e. 5 mbar for a 1-bar
surface pressure) [Zahnle et al., 2019]. Such high con-
centrations of CH4 produce a strong greenhouse by ab-
sorbing thermal radiation at 7–8 µm, the edge of an
atmospheric window for a CO2-H2O atmosphere [Kiehl
and Dickinson, 1987; Pavlov et al., 2000; Haqq-Misra
et al., 2008].
A limitation appears for high methane concentra-
tions due to the formation of organic hazes. Organic
hazes are expected to form when the CH4/CO2 ratio
becomes higher than ∼0.2 according to photochemi-
cal models and experimental data [Zerkle et al., 2012;
Trainer et al., 2006]. There is possible isotopic evidence
of organic haze formation at 2.7 Ga [Zerkle et al., 2012].
Hazes are expected to cool the surface by absorbing
UV and visible solar radiation, which produces an anti-
greenhouse effect [Pavlov et al., 2001; Haqq-Misra et al.,
2008]. Although, 1D simulations that incorporate the
fractal aggregate nature of haze particles suggest that
this cooling effect may not be as large as previously
thought [Wolf and Toon, 2010; Arney et al., 2016]. In
addition, fractal haze particles act as a UV shield, pro-
tecting both life and photolytically unstable reduced
gases [Wolf and Toon, 2010].
Finally, it has been argued that the Great Oxidation
Event caused a large decline in atmospheric methane
concentration, triggering the Huronian glaciations [Pavlov
et al., 2000; Kasting and Ono, 2006; Goldblatt et al.,
2006]. The apparent synchronicity of the two events
at ∼2.4 Ga is an additional argument in favour of a
methane-rich Archean atmosphere.
Lessons from recent studies:
Fig. 3 shows the global mean warming by CH4 from a
3D GCM. It reaches up to ∼+14 K for pCH4=1 mbar.
However, the warming decreases for pCH4>1 mbar. That
is due to the absorption of near-IR solar radiation by
CH4 in the stratosphere, producing an anti-greenhouse
effect [Byrne and Goldblatt , 2014]. That cooling ap-
pears in radiative transfer code using HITRAN 2008 or
more recent versions. Most of previous 1D studies of the
early Earth as Kiehl and Dickinson [1987]; Pavlov et al.
[2000]; Haqq-Misra et al. [2008] used older databases
and overestimated the greenhouse effect for high con-
centrations of CH4. That effect poses a strong limita-
tion to solutions to the faint young Sun problem based
primarily on a CH4 greenhouse. Despite the limitations
at high conceterations, CH4 greenhouse is an excellent
complement to CO2 to solve the faint young Sun prob-
lem, filling up to 20% of the radiative forcing deficit
[Byrne and Goldblatt , 2014]. However, it cannot be sig-
nificant in prebiotic time, meaning that CO2 green-
house and other abiotic processes likely maintained liq-
uid surface water before the emergence of methanogen-
esis.
3.3 Other greenhouse gases (NH3, H2) and
atmospheric pressure
As mentioned previously, Sagan and Mullen [1972] pro-
posed an ammonia (NH3) greenhouse as a solution to
the faint young Sun problem. However, NH3 is quickly
photolyzed and cannot reach concentrations high enough
to compensate for the faint young Sun. Yet, UV shield-
ing by photochemical organic hazes could significantly
extend the lifetime of NH3 [Wolf and Toon, 2010]. 3D
simulations coupling chemistry and haze microphysics
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Fig. 3 Global mean warming by methane as a function of
pCH4 (in bar) for an atmosphere with 0.01 bar (blue) and
0.1 bar (red) of CO2 at 3.8 Ga. Simulations done with the
Generic LMD GCM using HITRAN 2008 for CH4 opacity
[Charnay et al., 2017].
will be required to verify if hazes can adequately protect
NH3 from photolysis. In any case, an NH3 greenhouse
appears as a limited solution to the faint young Sun
problem, requiring a very reduced early atmosphere or
high levels of biogenic CH4.
N2 has no electric dipole and interacts weakly with
electromagnetic field, making it a poor greenhouse gas.
However, it can enhance the greenhouse effect of others
gases by pressure broadening. A high pressure also in-
creases the surface temperature by increasing the moist
adiabatic lapse rate, resulting in decreased convective
heat transport. Goldblatt et al. [2009] found that 2-
3 times more atmospheric N2 would have produced a
warming of +3-8 K, allowing more clement conditions
for the early-Earth with a CO2-poor atmosphere. At
high pressure, N2 and H2 can absorb thermal radiation
through collision-induced absorption (CIA). CIA of N2-
N2, H2-N2 and N2-CH4 are responsible for most of the
greenhouse effect on Titan [McKay et al., 1991], while
H2-H2 and H2-He play a significant role in the ther-
mal structure of giant planets. Wordsworth and Pier-
rehumbert [2013] suggested that the early Earth could
have been warmed by N2-H2 CIA. This warming pro-
cess strongly depends on the amount of N2 and H2.
It becomes efficient (>+10 K) for a N2 mass column
of 2-3 times higher than today and H2 mixing ratio of
∼0.1. A model by Tian et al. [2005], suggested that the
H2 mixing ratio could have been as high as 0.3 in the
anoxic early Earth’s atmosphere, due to a weaker Jean
atmospheric escape.
Lessons from recent studies:
A recent modelling work by Kuramoto et al. [2013]
shows that atmospheric escape almost reached the dif-
fusion limited regime during this time period. This im-
plies a H2 mixing ratio lower than 0.01 for realistic
H2 volcanic fluxes. The existence of detrital magnetite
grains in Archean sandstones also suggests a low H2
mixing ratio with pH2 < 10 mbar [Kadoya and Catling ,
2019]. Moreover, the previous two warming processes,
pressure broadening by increased N2 and N2-H2 CIA,
both require a N2 mass column 2-3 times higher in the
past. Such a high surface pressure is not consistent with
geological and isotopic constraints discussed in section
2.5. We conclude that a warming by NH3, N2-H2 or
a higher atmospheric pressure probably did not oper-
ate during the Archean. The situation might have been
different during the Hadean. In particular, the partial
pressure of N2 was likely higher in the Hadean when ni-
trogen fixation was limited to abiotic processes [Stu¨eken
et al., 2015, 2016]. An episodic reduced H2-rich atmo-
sphere could also have been formed for 10-20 Myrs after
giant impacts caused during the late veneer, by reduc-
tion of water by a molten iron impactor [Benner et al.,
2020].
3.4 A lower albedo due to less continent and cloud
feedbacks
A lower planetary albedo due to a change in the cloud
cover and emerged land has been suggested several times
as a potential contributor to solve the faint young Sun
problem [Jenkins et al., 1993; Rosing et al., 2010]. To
fully compensate for a 20-25% lower insolation, the plan-
etary albedo would have to be ∼0.05-0.1 (similar to
Mercury or the Moon) compared to 0.29 for the present-
day Earth [Wild et al., 2013]. Even by removing of all
emerged land and all clouds, such a low value would
not be reached because of atmospheric Rayleigh scat-
tering. Still, a change in the cloud cover or thickness
and fraction of emerged land could have been part of
the solution to the faint young Sun problem.
As explained before, the fraction of emerged land is
expected to have been lower during the Archean, likely
between 2 and 12 % of Earth’s surface [Flament et al.,
2008]. Furthermore, what emergent continents did ex-
ist were likely barren of vegetation, and probably were
composed of dark basalts, before gradually changing
into the lighter-colored soils we see today as they aged.
A reduction of surface albedo would give a maximal
radiative forcing of ∼+5 W/m2 [Goldblatt and Zahnle,
2011b].
Clouds have a strong impact on the terrestrial ra-
diative budget by reflecting solar radiation and by ab-
sorbing thermal radiation. The albedo effect (cooling ef-
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fect) dominates for lower clouds, such as stratus clouds
while the greenhouse effect (warming effect) dominates
for upper clouds, such as cirrus clouds. Rondanelli and
Lindzen [2010] suggested that the amount of tropical
cirrus formed by detrainment from convective clouds
would increase under a fainter Sun, enhancing their
greenhouse effect and maintaining a clement climate.
Such a negative feedback, called the ”Iris hypothesis”
[Lindzen et al., 2001], remains debated [Goldblatt and
Zahnle, 2011a; Mauritsen and Stevens, 2015] and could
also be compensated or dominated by other positive
cloud feedbacks [Bony and Dufresne, 2005; Bony et al.,
2015]. A more plausible hypothesis is that lower clouds
were optically thinner during the Archean, owing to the
lack of cloud condensation nuclei (CCN) from biologi-
cal sources. Such a decrease of CCN yields larger cloud
particles which are less effective at scattering and pre-
cipitate faster, resulting in a decrease of the planetary
albedo [Rosing et al., 2010]. The removal of all lower
clouds compared to the present-day cover would lead to
a radiative forcing of ∼25 W/m2 [Goldblatt and Zahnle,
2011a].
Lessons from recent studies:
3D GCMs have shown that plausible reductions to the
surface albedo and emerged land fraction could have
increased the global mean surface temperature by up
to +4 K [Wolf and Toon, 2013; Charnay et al., 2013].
They also suggest that a reduction in CCN results in
an increase of the cloud radiative forcing of up to ∼+12
W/m2, and an increases in the global mean surface tem-
perature of up to 10 K [Charnay et al., 2013; Wolf and
Toon, 2014]. A similar temperate change by CCN was
found for the Neoproterozoic by Feulner et al. [2015].
Independent of the CCN effect, GCMs indicate that
a reduced cover of lower clouds and a increased cover
of higher clouds for enhanced CO2 and weaker insola-
tion, providing an additional radiative forcing of ∼+5
W/m2 (see section 4.2 and Wolf and Toon [2013]; Char-
nay et al. [2013]). In conclusion, a change in the land
and cloud cover together cannot compensate more than
60% of the deficit of radiative forcing due to the weaker
Archean Sun. A higher amount of greenhouse gases (i.e.
CO2 and CH4) is still required. However, a reduction to
the cloud and surface albedos may have meaningfully
contributed to warming the early Earth, and thus less
CO2 and CH4 may have been otherwise required.
4 New insights from 3D climate models
4.1 Testing the proposed warming solutions with 3D
GCMs
While 3D GCMs are notoriously computationally ex-
pensive to run, recent gains in computing availability
and parallel processing now allow GCMs to be run with
sufficient speed to facilitate a wide variety of planetary
modelling studies. As such, atmospheric GCMs with
simplified ocean/sea-ice components have now been used
to thoroughly explore the climate history of the ancient
Earth, from the early Archean up through recent snow-
ball Earth epochs [Jenkins and Smith, 1999; Pierre-
humbert , 2004; Charnay et al., 2013; Wolf and Toon,
2013, 2014; Le Hir et al., 2014; Kunze et al., 2014;
Teitler et al., 2014; Charnay et al., 2017; Wolf et al.,
2018]. The use of such 3D climate models has allowed us
explore the numerous alternative climatological mech-
anisms for warming the early Earth despite the faint
young Sun and described in section 3.
As explained in the former section, these models
have shown that enhanced CO2 likely played the ma-
jor role and could have compensated the fainter Sun
with pCO2∼40 mbar at 2.5 Ga. Such a concentration is
above the limits from Sheldon [2006] and Driese et al.
[2011] but compatible with the constraints from Kan-
zaki and Murakami [2015] (see Fig. 2).Note that the
case of a warm early Earth with a mean surface tem-
perature of 60-80◦C is achievable with high levels of
CO2 around 0.5-1 bar [Charnay et al., 2017]. However,
the pCO2 required in that case is only compatible with
one data point from Kanzaki and Murakami [2015] (i.e.
pCO2=22-700 mbar at 2.75 Ga). CH4 could have been
a significant contributor to warm the Archean Earth,
increasing the global mean surface temperature by up
to +14 K for pCH4=1 mbar (see Fig. 3 and [Wolf and
Toon, 2013]).
Plausible reductions to the surface albedo or emerged
land fraction could have warm the planet by up to +4 K
[Charnay et al., 2013; Wolf and Toon, 2014]. A reduc-
tion of emerged land fraction does not necessarily imply
a lower planetary albedo because cloud cover tends to
decrease above continents compared with over oceans.
But this cooling effect is compensated by a stronger
evaporation leading to an increase in the amount of
water vapour in the atmosphere and thus a stronger
greenhouse effect [Charnay et al., 2013].
GCMs suggest that increases in the global mean sur-
face temperature of up to +10 K are possible to due
to reductions in CCN and the resulting feedbacks on
clouds. The models predict that there are globally less
low clouds (i.e., lower than 5 km), which are in addi-
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tion optically thinner, for low and middle latitudes with
less CCN. However, there are also more low clouds at
high latitudes and more high clouds (i.e., higher than
5 km), because of the warmer climate with a more ex-
tended Hadley cell. According to Wolf and Toon [2013]
and Charnay et al. [2013], the warming is dominated
by the decrease of low clouds and the shortwave forcing
(albedo effect). In the model by Le Hir et al. [2014],
the cloud feedback is dominated by the increase of high
clouds and the longwave radiative forcing (greenhouse
effect). We note that Le Hir et al. [2014] used a parametri-
sation for the precipitation rate more sensitive to cloud
particle size than Wolf and Toon [2013] and Charnay
et al. [2013], which may explain the difference.
If the background N2 partial pressure of the Archean
was 2 to 3 times greater than today, as postulated by
Goldblatt et al. [2009], then the Archean may have been
warmed by +5 to +10 K for a given amount of CO2 ac-
cording to these 3D models. However and as explained
in section 2.5, some geological/geochemical analyses in-
dicate that the total nitrogen content of the Archean
atmosphere should have been similar or smaller than
the present day [Som et al., 2012; Marty et al., 2013;
Som et al., 2016].
The early Earth had a faster rotation rate than the
present-day Earth, with a diurnal period possibly as
short as 10 hours [Zahnle and Walker , 1987; Williams,
2000; Bartlett and Stevenson, 2016]. Changing the ro-
tation would subtly affect horizontal heat transports. A
faster rotation rate limits the size of eddies as well as
the latitudinal extension and the strength of the Hadley
cells. All these changes reduce the efficiency of merid-
ional transport. Under such conditions, the equator-
pole thermal gradient is enhanced with a warmer equa-
tor and cooler poles, sea ice is more extended and zonal
jets are closer to the equator. However this has been
shown not to have a significant effect on the overall cli-
mate state, with just a small warming of ∼+1 K [Char-
nay et al., 2013; Wolf and Toon, 2014; Le Hir et al.,
2014]. Note that these studies use simple ocean models,
with no sea-ice transport and with a fixed oceanic heat
diffusivity. Charnay et al. [2013] use a 2-layer ocean
model with Ekman transport coupled to surface winds.
This allows to more properly simulate meridional heat
transport at low latitude, but the model still misses the
sea-ice transport. In contrast, simulations by Kienert
et al. [2012] with a 3D oceanic model and a simpli-
fied 2D atmospheric model suggest a strong cooling for
a fast rotation rate. This is caused by a reduced at-
mospheric and oceanic heat transport as well as by a
change in cloud cover and lapse rate. The latter is likely
an artefact of the parametrisation used in the 2D at-
mospheric model and the cooling is likely overestimated
(see the discussion in Le Hir et al. [2014]). However, the
change in ocean dynamics may have a non-negligeable
impact on the global mean surface temperature. This
has to be explored with a full 3D atmosphere-ocean
GCM.
Table 1 summarises the different proposed solutions
to the faint young Sun problem, the radiative forc-
ing (computed from 1D or 3D models) and the con-
straints (geological, geochemical or theoretical). Solu-
tions which are compatible with geological/geochemical
constraints are in green, possible solutions for which
there is only theoretical constraints are in yellow and
solutions which are not compatible with the constraints
are in red. While many researchers have sought to find
sweeping solutions to the faint young Sun problem, per-
haps the paradox is instead solved by a collection of
the processes outlined above. Coupled with enhanced
CO2, increased CH4, reductions to the cloud albedo,
and a dark surface, all can contribute +4 to +14 K
of global mean warming. Note that the cumulated ra-
diative forcing (i.e. global warming) is not necessary
equal to the sum of each process taken separately. For
instance, gases and high ice clouds can have overlap-
ping greenhouse effects. 3D studies now suggest that
there are plausible solutions for maintaining temperate
climates within geological constraints on surface tem-
perature and CO2, combining these different warming
processes. In particular, Charnay et al. [2013] and Wolf
and Toon [2013] using structurally similar but inde-
pendently constructed 3D climate models with different
boundary conditions (i.e. land distribution), both found
that mean surface temperatures similar to that of the
present day Earth can be maintained at the end of the
Archean (2.5 Ga), provided that the atmosphere had:
1) 40 mbar CO2, 2) 10-20 mbar CO2 and 1-2 mbar CH4
or 3) 5 mbar CO2, 0.1 mbar of CH4, reduced CCN and
dark soil surface. The yellow curve in the figure 2 shows
the amount of CO2 needed to maintain global mean sur-
face temperatures of 15◦C considering the case where
multiple warming mechanisms are factored in (0.1 mbar
of CH4, reduced CCN and dark soil surface). The com-
bination of all these processes is totally plausible for
the Archean. For this optimal case, a temperate Earth
can be maintained at all times of the Archean with CO2
amounts less than 30 mbar, compatible with constraints
from Sheldon [2006] and Driese et al. [2011].
Finally, the similar results obtained from these dif-
ferent 3D GCMs with simplified ocean/sea-ice models,
in particular the similar pCO2 required for temperate
climates, suggest that the faint young Sun problem can
be solved more easily than initially thought. Even the
case of a warm early Earth at 60◦C is more accessible
from a purely climate modelling point of view, although
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not compatible with most of geological constraints on
pCO2 and surface pressure.
4.2 Cloud feedbacks
Fig. 1 shows global mean surface temperature as a func-
tion of pCO2 from two 1D models [Haqq-Misra et al.,
2008; von Paris et al., 2008] and two GCMs [Wolf and
Toon, 2013; Charnay et al., 2013] for a 20% weaker Sun
(i.e 3 Ga). While all models predict a pCO2 around 10
mbar for a global mean surface temperature of 0◦C,
the 3D GCMs show a higher climate sensitivity (∼1
K/Wm−2 in 3D versus ∼0.6 K/Wm−2 in 1D), reaching
a present-day like mean temperature for half the pCO2
from 1D model. This higher value is mostly due to feed-
backs from sea-ice and clouds, not present in 1D models.
The climate sensitivity obtained in these 3D studies is
similar to the climate sensitivity of GCMs used for the
IPCC report, giving a value of 1±0.5 K/Wm−2 [Flato
et al., 2013].
For a similar global mean surface temperature, a
high pCO2 and a fainter Sun result in a weaker equator-
pole temperature gradient, a lower surface evaporation
rate and a higher tropopause. The evaporation is re-
duced by around 7% for the Archean Earth with present-
day like temperatures [Wolf and Toon, 2013]. More-
over, enhanced CO2 reduces the radiative cooling of
low clouds and thus reduces their efficiency to form.
Both the weaker evaporation rate and the weaker ra-
diative cooling lead to a reduced fraction of low clouds
for the Archean Earth [Wolf and Toon, 2013; Char-
nay et al., 2013]. In addition, 3D GCMs predict an in-
crease of the cover and altitude of high clouds, due to
a more extended troposphere and a colder tropopause
for a CO2-rich atmosphere with no ozone. The decrease
of low clouds and the increase of high clouds increases
the net cloud radiative forcing. Fig. 4 and Fig. 5 illus-
trates the change in cloud cover and temperature for
the Archean Earth. 3D models predict a net cloud ra-
diative forcing increased by around +15 W/m2 for a
temperate Archean Earth with 60 mbar of CO2 [Wolf
and Toon, 2013]. This increase also takes into account
the reduction of the insolation in the past and cannot
be added directly to other forcings to compensate for
the deficit of absorbed solar radiation. A more proper
calculation can be done using the insolation at 3.8 Ga
for the shortwave forcing for both the early Earth and
the present-day Earth. In this case, the change in the
cloud cover increases the net cloud radiative forcing by
around +5 W/m2. This means that the cloud feedbacks
enhance the CO2 warming by ∼11%. If we use instead
the current insolation for the shortwave forcing (what
will be useful for the following comparison with IPCC
simulations), we found an increase of the net cloud ra-
diative forcing by around +7 W/m2, or ∼16% of the
CO2 warming.
A similar positive cloud feedback due to high clouds
and a reduced cover of low clouds for increasing pCO2
is present in most of 3D GCMs used for climate change
(see Boucher et al. [2013] and references therein). To
compare the cloud feedbacks for the Archean Earth (for
which the reduced insolation is balanced by enhanced
CO2) to GCMs used for current climate change, it is
appropriate to consider rapid adjustments, that is after
the CO2 is increased but before the ocean temperatures
have fully adjusted. This avoids to include contribu-
tions due to the change in the sea surface temperature.
Zelinka et al. [2013] found that the net cloud forcing
increases by ∼1.1 W/m2 in simulations from 5 GCMs
after an abrupt quadrupling of CO2. Since the forc-
ing for 4×CO2 is around 7.4 W/m2 [Boucher et al.,
2013], cloud feedbacks enhance the CO2 warming by
∼15%, similar to our estimate for the Archean Earth
using current insolation. We conclude that the cloud
feedbacks in 3D simulations of the Archean Earth are
similar and consistent with 3D simulations for anthro-
pogenic climate change. Note that the spread between
different climate models is large, in particular for the
cloud forcing which remain one of the largest sources of
uncertainty in climate modelling.
The effects of cloud feedbacks is particularly strong
for warm/hot climates. Archean climates with mean
surface temperature around 60◦C are obtained with
∼1 bar of CO2 according to the 3D model of Char-
nay et al. [2017]. This is 3 times less than predictions
from the 1D model of Kasting and Howard [2006]. This
discrepancy mostly comes from the strong decrease of
lower clouds for high levels of CO2. The net cloud forc-
ing is increased by ∼+10-15 W/m2 for a warm cli-
mate (pCO2=1 bar) compared to a temperate climate
(pCO2=0.1 bar) [Charnay et al., 2017]. This corresponds
to an increase of ∼+25 W/m2 compared to the present-
day cloud forcing. Under high pCO2, increasing the size
of cloud particles has a limited effect (<+3 W/m2), sug-
gesting that the planet has almost reached the maximal
cloud forcing related to the reduction of low clouds.
4.3 The case of cold climates with waterbelts
With fairly small CO2 amounts (< 1 mbar), 3D models
with simplified ocean predict that the early Earth would
have been cold (T < 0◦C) but would have avoided com-
plete glaciation, instead maintaining an equatorial ice-
free waterbelt [Charnay et al., 2013; Wolf and Toon,
2013; Le Hir et al., 2014; Kunze et al., 2014; Teitler
et al., 2014]. For these cold climates, the mean surface
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Solutions to the Maximal radiative forcing Constraints References for constraints
FYS problem (paleosols or theoretical)
Elevated CO2 +26 Wm−2 (for pCO2=10 mbar) pCO2=3–15 mbar (2.69 Ga) [Driese et al., 2011]
+44 Wm−2 (for pCO2=60 mbar) pCO2=3–25 mbar (2.5 Ga) [Sheldon, 2006]
pCO2=24–140 mbar (2.77 Ga) [Kanzaki and Murakami , 2015]
[Wolf and Toon, 2013] pCO2=22–700 mbar (2.75 Ga) [Kanzaki and Murakami , 2015]
[Le Hir et al., 2014] pCO2=45–140 mbar (2.46 Ga) [Kanzaki and Murakami , 2015]
[Byrne and Goldblatt , 2014] CO2>70% (2.7 Ga) [Lehmer et al., 2020]
Elevated CH4 +9 Wm−2 (for pCH4=1 mbar) pCH4=0.01-10 mbar [Sauterey et al., 2020]
[Byrne and Goldblatt , 2014] CH4>0.5% (∼3.5 Ga) [Zahnle et al., 2019]
[Le Hir et al., 2014] CH4:CO2∼0.2 (∼2.6 Ga) [Zerkle et al., 2012]
Less emerged land +5 Wm−2 (with almost no land) Fraction=2-12% (2.5 Ga) [Flament et al., 2008]
[Goldblatt and Zahnle, 2011a] Crust volume=60-80% (3 Ga) [Hawkesworth et al., 2019]
Faster rotation ∼+0 Wm−2 (for P=14h) Length of day=21.9±0.4h (620 Ma) [Williams, 2000]
[Charnay et al., 2013] Length of day∼13h (3.8 Ga) [Bartlett and Stevenson, 2016]
Cloud feedbacks and ∼+5 Wm−2 (cloud feedbacks∗) Larger droplets (r∼17 µm) [Rosing et al., 2010]
less CCN ∼+12 Wm−2 (for r=17 µm)
[Charnay et al., 2013]
[Wolf and Toon, 2013, 2014]
High surface pressure +12.2 Wm−2 (for 2×PAL N2) P=0.23±0.23 bar (2.74 Ga) [Som et al., 2016]
[Goldblatt et al., 2009] P<0.53-1.1 bar (2.7 Ga) [Som et al., 2012]
N2-H2 warming +24 Wm−2 (for 3×PAL N2, 10%H2) pN2<1.1 bar (3.5-3 Ga) [Marty et al., 2013]
[Wordsworth and Pierrehumbert , 2013] pN2<1 bar (3.3 Ga) [Avice et al., 2018]
pH2<10 mbar [Kadoya and Catling, 2019]
H2<1% [Kuramoto et al., 2013]
Elevated NH3 +33 Wm−2 (for pNH3=10−2 mbar) pNH3∼10−5 mbar [Kasting, 1982]
[Byrne and Goldblatt , 2014] Higher values if organic hazes [Wolf and Toon, 2010]
Table 1 Table of solutions to the Faint Young Sun Problem. The first column lists the different possible solutions. The second
column gives the maximal radiative forcing and the corresponding references based on 1D or 3D models. We remind that the
faint young Sun implies a deficit of 44 Wm−2 at 2.5 Ga and 60 Wm−2 at 3.8 Ga. For CO2, we give the forcing for two values
of pCO2 consistent with the different constraints. ∗The change in the cloud radiative forcing is computed for the insolation at
3.8 Ga, between the Archean cloud cover and the present-day cloud cover. The third and fourth columns show the constraints
from paleosols or models for the different solutions with the references (see also table 1 in Catling and Zahnle [2020]). We
indicate here the prominent recent constraints. Green is for solutions and radiative forcings which are compatible with the
constraints, yellow for possible solutions for which there are only theoretical constraints, and red for solutions which are not
compatible with the constraints.
temperature is lower than predicted by 1D models (see
for instance Fig. 1). Fig. 6 shows the mean latitudinal
extent of polar sea ice as a function of pCO2 from 3D
simulations by Wolf and Toon [2013] at 3 Ga. Sea ice
can extend toward the equator down to 37◦N/S without
triggering a runaway glaciation. In the model by Char-
nay et al. [2013], sea ice can extend down to 25◦N/S.
In this model, equatorial water belts are stabilized by a
cloud feedback, with a reduction of tropical low clouds
due to a subsidence occurring at the ice line. Abbot et al.
[2011] also found a stronger subsidence at the tropics
in the case of a waterbelt state. In their model, this in-
duces efficient evaporation of the highly reflective snow
(albedo∼0.8) in the tropics, leaving bare sea ice which is
less reflective (albedo∼0.4-0.5) and which stabilizes the
waterbelt state against runaway glaciation. According
to these studies, at least some surface liquid water, and
thus habitable conditions, could have been maintained
with only a minimal CO2-CH4 greenhouse. If real, such
a resistance against full glaciation would mitigate the
faint young Sun problem.
However, the stability of cold climates with equato-
rial waterbelts has been questioned by Voigt and Abbot
[2012]. In the case of the Neoproterozoic glaciations and
using a 3D atmosphere-ocean GCM, they showed that
sea-ice transport plays a major role in the triggering
of full glaciation. Glaciation is initiated with 100 times
more CO2 when sea-ice transport is included. We con-
clude that 3D GCMs with simple ocean/sea-ice models
likely overestimate the stability of waterbelts. Archean
cold climates with waterbelts should therefore not be
considered as robust solutions to the faint young Sun
problem unless their stability is demonstrated with full
atmosphere-ocean GCMs.
5 The role of biogeochemical cycles
5.1 The carbon cycle as a key for solving the faint
young Sun problem
3D climate modelling with simplified ocean/sea-ice com-
ponents reveals that temperate climates with present-
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Fig. 4 Zonal mean cloud properties in 3D atmospheric sim-
ulations of the Archean (red), present day (purple), and the
present-day atmosphere but with oxygen and ozone removed
(dashed light blue). (a) Vertically integrated high cloud frac-
tion. (b) Vertically integrated middle cloud fraction. (c) Ver-
tically integrated low cloud fraction. (d) Longwave cloud forc-
ing. (e) Shortwave cloud forcing. (f) Net cloud forcing. Figure
from Wolf and Toon [2013].
Fig. 5 Illustration of the change in cloud cover for the
Archean Earth. The left panel shows the current Earth with
global mean insolation at top of the atmosphere and reflected
radiation (yellow arrows), latent heat flux (red arrow) and
cloud cover. The fluxes in percent of the global mean insola-
tion are given in brackets. The right panel shows the Archean
Earth, with the insolation at 3 Ga, no ozone and enhanced
CO2 (i.e. 60mbar) for the same global mean surface tempera-
ture as current Earth (287.9 K). Red + indicate the warming
of high latitudes and blue - indicate the cooling of equatorial
regions and the upper troposphere compared to the current
Earth. The Archean Earth has less lower clouds and more
upper clouds. Values are taken from Wolf and Toon [2013].
day like temperatures can be maintained for the late
Archean with enhanced CO2, potentially helped by other
warming processes. The carbon cycle and its ability to
regulate the climate by the carbonate-silicate cycle thus
appears to be a key for solving the faint young Sun
problem.
Modelling of the carbon cycle of the early Earth by
Sleep and Zahnle [2001] and Zahnle and Sleep [2002]
suggested that the Archean was very cold unless an-
Fig. 6 Annual and hemispheric mean sea ice margin (φice)
as a function of pCO2 from 3D simulations with present-day
continents, the Archean Sun at 3.Ga and with or without
methane. Purple dashed lines indicate the sea-ice extent for
present-day climate. The green line indicates the pCO2 esti-
mation by Driese et al. [2011]. Figure from Wolf and Toon
[2013].
other strong greenhouse gas was present. They also sug-
gested that the Hadean was likely fully ice-covered be-
cause of the weathering of impact ejecta, particularly
during the Late Heavy Bombardment (LHB) [Gomes
et al., 2005; Bottke and Norman, 2017]. Impact ejecta
are indeed easily weathered when falling in the ocean,
consuming CO2. Sleep and Zahnle [2001] and Zahnle
and Sleep [2002] highlighted the importance of the seafloor
weathering, caused by the reaction of seawater with the
oceanic crust in low-temperature, off-axis, hydrother-
mal systems [Brady and Gı´slason, 1997; Coogan and
Gillis, 2013; Coogan and Dosso, 2015]. This CO2 sink
would have been efficient on the early Earth with lit-
tle emerged land and a high oceanic crust spreading
rate. However, calculations of seafloor weathering by
Sleep and Zahnle [2001] and Zahnle and Sleep [2002]
did not take into account possible dependence on ocean
chemistry, pH and oceanic temperature, and likely over-
estimated it. Analyses by Brady and Gı´slason [1997];
Coogan and Gillis [2013]; Coogan and Dosso [2015] sug-
gest that the rate of basalt dissolution and pore-space
carbonate precipitation depends on bottom water tem-
perature and/or seawater composition. In addition, re-
verse weathering induced by authigenic clay formation
could have favoured high pCO2 on the early Earth [Is-
son and Planavsky , 2018].
More recent modelling works by Charnay et al. [2017]
and Krissansen-Totton et al. [2018a], using updated cli-
mate models and parametrizations of seafloor weather-
ing with composition/temperature dependence, revealed
an efficient regulation of the carbon cycle maintaining
temperate conditions for the early Earth (see Fig. 7).
Seafloor weathering flux in these models is of a sim-
ilar magnitude or higher than continental weathering
flux. According to these studies, warm early oceans at
60◦C can not be maintained because of the strong neg-
ative temperature feedback. Charnay et al. [2017] re-
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Fig. 7 Evolution of pH (A), pCO2 (B), global outgassing
flux (C), mean surface temperature (D), continental sili-
cate weathering flux (E) and seafloor weathering flux (F)
over Earth’s history. Gray shaded regions represent 95% con-
fidence intervals, and black lines are the median outputs
of the carbon-cycle model from Krissansen-Totton et al.
[2018a]. Some geological/geochemical proxies for tempera-
ture, pCO2 and seafloor weathering are indicated. Figure
from Krissansen-Totton et al. [2018a].
evaluated the long-term effect of impacts on the car-
bon cycle during the Late Heavy Bombardment (whose
existence is still debated, see for instance Boehnke and
Harrison [2016]). They found that the weathering of
ejecta would have strongly decreased the partial pres-
sure of CO2 leading to cold climates but not necessary
to a snowball Earth during all that period.
In conclusion, these recent modelling studies suggest
that the early Earth’s climate was likely temperate, ex-
cept during the Late Heavy Bombardment, and regu-
lated by the carbon-cycle, without necessary requiring
additional greenhouse gas or warming process.
5.2 The biosphere and life feedbacks
A fascinating topic is the role that life played in the
maintenance of Earth’s habitability. Some researchers
have speculated that the long-term stability of Earth’s
climate is aided by feedbacks involving life itself [Love-
lock and Margulis, 1974; Schwartzman and Volk , 1989;
Lenton, 1998; Lenton and von Bloh, 2001]. In partic-
ular, several possible solutions to the faint young Sun
problem rely on the biosphere and life feedbacks, for
instance the production of CH4 by methanogens or the
reduction of CCN from biological sources. In contrast,
metabolic or ecological evolution could destabilize the
carbon cycle or the radiative balance, inducing glacial
events and mass extinctions. For instance, the Huro-
nian glaciations, the Neoproterozoic glaciations and the
Ordovician glaciations could be related to the devel-
opment of new species (i.e. cyanobacteria, algae, fungi
and plants respectively) [Heckman et al., 2001; Lenton
et al., 2012; Feulner et al., 2015]. The C isotopic frac-
tionation from ancient rocks suggests the presence of
a productive biosphere, likely due to the early emer-
gence of photosynthesis (oxygenic or anoxygenic) [Nis-
bet and Sleep, 2001; Krissansen-Totton et al., 2015].
This potentially implies a significant impact of the early
biosphere on the carbon cycle, but also on the nitro-
gen cycle (affecting the surface pressure, see Stu¨eken
et al. [2016]) and other biogeochemical cycles (in par-
ticular sulfur and phosphorous). The question about
life feedbacks is also fundamental for exoplanets, con-
cerning the habitability and the search for biosignatures
[Chopra and Lineweaver , 2016]. To be tested, it requires
global planet models simulating the interaction between
ecosystems, biogeochemical cycles and the climate.
A recent modelling work following this approach by
Sauterey et al. [2020] points to the efficient methane
production by primitive methanogenic ecosystems. They
appear as a robust contributor to solve the faint young
Sun problem. However, the methane greenhouse effect
enhances rock and seafloor weathering, decreasing pCO2.
At equilibrium, this negative feedbacks by the carbon
cycle compensates for around 50% of the methane warm-
ing. For some conditions, the decrease of pCO2 by the
carbon cycle feedback can lead to the formation of or-
ganic hazes (for CH4:CO2≥0.2), cooling the Earth and
triggering glaciations [Kanzaki and Murakami , 2018].
Finally, the late appearance of methanotrophs, consum-
ing methane once pCO2 was reduced, could also have
triggered glacial events [Sauterey et al., 2020]. These are
examples of climate destabilization by life with primi-
tive ecosystems. Additional work is needed to investi-
gate all the possible implications of the early biosphere
on the climate at different ages.
6 Conclusions and perspectives
A few years ago, the faint young Sun problem appeared
to be very challenging despite the various proposed
solutions: ”All of these solutions present considerable
difficulties, however, so the faint young Sun problem
cannot be regarded as solved.” [Feulner , 2012]. 1D at-
mospheric models failed to produce present-day like
mean surface temperate when satisfying the geologi-
cal/geochemical constraints on CO2. In addition, car-
bon cycle models were not able to maintain temperate
climates during the Archean and the Hadean with only
CO2 as greenhouse gas.
Major progress concerning the faint young Sun prob-
lem has been made during the last decade, in particu-
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lar with 3D atmospheric GCMs coupled to simplified
ocean/sea-ice models which have allowed comprehen-
sive testing of a variety of proposed solutions [Char-
nay et al., 2013; Wolf and Toon, 2013, 2014; Le Hir
et al., 2014; Kunze et al., 2014; Teitler et al., 2014;
Charnay et al., 2017]. These 3D models overcame the
limitations inherent to previous 1D models, taking into
account fundamental climate feedbacks (clouds and sea-
ice), atmospheric/oceanic heat transport and land dis-
tribution, although they do not capture the dynamics
of sea-ice and the oceans. They suggest that a tem-
perate early Earth is easier to achieve than previously
thought. More precisely, around 200 mbar of CO2 is re-
quired at 3.8 Ga to reach present-day mean temperate
and 40 mbar at 2.5 Ga, assuming no change in Earth’s
continents and rotation rate. This is around half of that
estimated by 1D models. This discrepancy is mostly due
to cloud feedbacks with a reduction of low clouds and an
increase of high clouds for enhanced CO2 and reduced
insolation. Similar cloud feedbacks are predicted with
3D models used for climate future projections [Boucher
et al., 2013; Schneider et al., 2019]. Unfortunately, the
cloud response which may have helped to warm the
early Earth, may worsen the current anthropogenic cli-
mate change.
3D studies also revealed that temperate climates can
be reached for the late Archean with modest levels of
CO2 (down to 5 mbar), if combined with realistic lev-
els of CH4, reduced CCN and less emerged lands. CH4
appears as an excellent complement to CO2, although
its warming effect saturates at pCH4∼1 mbar (corre-
sponding to a warming of ∼+14 K). Ecosystem mod-
els coupled to atmospheric models suggest that CH4
concentration of the order of 0.1-1 mbar could have
been reached during the Archean [Ozaki et al., 2018;
Sauterey et al., 2020]. The reduction of CCN appears
as another robust mechanism producing optically thin-
ner low clouds and a significant global warming (up to
∼+10 K). The reduction of the fraction of emerged land
has a modest but non-negligeable effect (up to ∼+4
K). All these changes (biogenic CH4, reduced CCN and
emerged land) are plausible for the Archean Earth. In
addition, recent geological constraints suggest higher
levels of CO2 for the late Archean, generally ∼20-140
mbar [Kanzaki and Murakami , 2015] or potentially higher
[Lehmer et al., 2020]. Such higher values of CO2 miti-
gate the faint young Sun problem, since enhanced CO2
alone can then be a sufficient solution. According to re-
cent modelling studies, these levels of CO2 could have
been maintained by the carbon cycle, producing an effi-
cient climate regulation [Charnay et al., 2017; Krissansen-
Totton et al., 2018a]. Finally, constraints of the baro-
metric pressure and the N2 abundance suggest that the
surface pressure was likely lower than today during the
Archean, ruling out solutions involving a higher surface
pressure and N2-H2 CIA.
In conclusion, the 3D atmospheric GCMs combined
with carbon-cycle models suggest that the faint young
Sun problem can be solved with higher levels of CO2,
consistent with the most up to date constraints on pCO2,
potentially help by additional warming processes (i.e.
biological CH4, less emerged land and less CCN). The
case of a temperate early Earth does not appear very
problematic anymore. The case of a warm (∼60-80◦C)
early Earth, which is heavily debated, remains challeng-
ing. 3D models showed that it requires less greenhouse
gases than previously thought, but still exceeding most
of the recent constraints on CO2 and on the barometric
pressure.
Although we believe that the faint young Sun prob-
lem has essentially been solved, new geological and geo-
chemical constraints on the atmospheric composition,
pressure and surface temperature are required to get
a clear picture of the early Earth’s climate. Additional
modelling work is also needed, in particular for quan-
tifying the impact of ocean transport and for testing
the stability of cold waterbelt states, with atmospheric
GCMs fully coupled to 3D oceanic models including
sea-ice transport. Such 3D atmosphere-ocean GCMs
for the early Earth are a great challenge in term of
modelling but would have numerous applications for
past climates and for exoplanets. New simulations for
low atmospheric surface pressures are also necessary
to analyse the changes in terms of heat transport and
cloud cover, and to estimate the pCO2 required to avoid
glaciation. More generally, a major challenge is to un-
derstand the co-evolution of life and the environment on
Earth. In terms of modelling, this requires to simulate
the biogeochemical cycles and the couplings between
the different components of the Earth system (ocean,
atmosphere, biosphere, land and interior). Recent mod-
elling studies show promising perspectives for the early
Earth in this context (see for instance Stu¨eken et al.
[2016]; Krissansen-Totton et al. [2018a]; Sauterey et al.
[2020]).
Finally, the faint young Sun problem has stimulated
a lot of research and new ideas in the fields of solar
physics, geology, climate science, planetary science, bi-
ology, in particular concerning the interactions between
the different components of the Earth system. With its
different stellar flux, rotation rate, land distribution,
atmosphere and biosphere, we can view the early Earth
has another habitable world or even multiple habit-
able worlds different from our modern Earth. The early
Earth appears as a fantastic laboratory to study pro-
cesses controlling the climate, the atmospheric evolu-
16 Benjamin Charnay et al.
tion and the habitability of exoplanets. We can dream
that in return, the characterization of terrestrial exo-
planets will shed light on these processes and on the
environmental conditions which allowed the emergence
of life on Earth.
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